CK2 is known as a constitutively active, conserved serine/threonine kinase in 20 eukaryotes. GFP fusions to CK2 subunits demonstrated nucleolar localization, 21 although the catalytic subunit still localized to nucleoli in the absence of either 22 regulatory subunit. In contrast, localization near septa, required all three subunits. 23 The ~1300 proteins co-immunoprecipitating with the catalytic subunit were highly 24 enriched for those known to reside at these locations. Appressoria contain a 25 filamentous form of CK2. The interacting proteins in hyphae were enriched for 26 intrinsically disordered proteins with characteristics previously identified as being a 27 mechanism for regulation of protein aggregation. Examining gene expression profiles, 28 we find a correlation of CK2 expression with genes for protein disaggregation and 29 2 autophagy. Our observations support the view that CK2 plays a key role in 30 controlling formation of discrete regions (membraneless organelles), such as the 31 nucleolus, through aggregation and disaggregation of some of its target proteins. 32 33 51 development (Shlezinger et al., 2012) and this, in combination with haploid life-52 cycles, well characterized genomes, and efficient methods for targeted gene 53 replacement, makes fungi like M. oryzae and Fusarium graminearum good model 54 systems for molecular studies of basic eukaryote functions including cell-cell 55 3 communication (Cavinder et al., 2012; Ebbole, 2007). As plant pathogens, 56 developmental processes needed for symbiosis can also be explored. We focused 57 our study on M. oryzae one of the most important rice crop pathogens worldwide 58 (Dean et al., 2012). 59 Our results show that M. oryzae CK2 holoenzyme (MoCK2) accumulates in the 60 nucleolus, localizes in structures near septal pores, and assembles to form a large ring 61 structure perpendicular to the appressorium penetration pore. The large-scale 62 structures formed by CK2 protein kinase, combined with our finding of the 63 interaction of CK2 with substrates associated with the location of CK2 enzyme 64 aggregation, suggests that CK2 may control substrate stability and localization near 65 their sites of action. Furthermore, CK2 interacts preferentially with proteins 66 annotated as being intrinsically disordered. Taken together, this work provides further 67 evidence supporting the view (Zetina, 2001) that one of the roles for the CK2 68 holoenzyme is to induce conformational changes in intrinsically disordered proteins. 69 70 RESULTS 71 Deletion of MoCK2 components 72 Using BLASTp and the protein sequences for the CK2 catalytic subunits of S. 73 cerevisiae, CKa1, CKa2, CKb1 and CKb2 (Padmanabha et al., 1990), we identified 74 one MoCKa (MGG_03696) and two MoCKb sequences (MoCKb1 = MGG_00446, 75 MoCKb2 = MGG_05651) (Figure 1). Sequence alignments and phylogenetic analysis 76 show that these proteins are highly conserved in different fungi (Figure 1 Supplement 77 1-4). Moreover, the phylogenetic analysis indicated that the two CKbs were in two 78 separate evolutionary branches (Figure 1 Supplement 1). 79 4
Introduction
Identification of potential septal and nucleolar substrates for MoCK2 by GFP- 142 CKa pulldown 143 The localization pattern suggested that CK2 may have substrates associated with 144 septa and nucleolar function. To explore this, we performed co-immunoprecipitation 145 to identify proteins interacting with CK2 using GFP-CKa as a "bait", and in addition 146 to the bait, identified 1505 proteins (Supplementary File 1). We also searched the M. 147 oryzae proteome for proteins containing the CK2 phosphorylation helix unfolding 148 motif identified by Zetina (Zetina, 2001) using the FIMO tool at the MEMEsuit 149 website (http://meme-suite.org/) and found 1465 proteins (Supplementary File 2) 150 with the motif, out of a total of 12827 proteins annotated for M. oryzae. 151 There is the risk of false positives in the pulldown. We estimated the number of false 152 positives and removed 155 (~10%) of the lower abundance proteins to arrive at a list 153 of 1350 CKa interacting proteins (see Methods). We found 275 of these proteins 154 contain at least one unfolding motif for alpha helixes. Thus, there is an 155 overrepresentation of the motif among the pulldown proteins (Supplementary File 2) 156 (P-value for the null hypothesis of same frequency as in the whole proteome = 4 E-19, intrinsically disordered proteins. Such intrinsically disordered proteins can interact 184 with each other to form ordered subregions that have been described as 185 membraneless organelles, such as nucleoli (Wright and Dyson, 2015) . Since CK2 186 localizes to the nucleolus we were especially interested in the interaction of CK2 with 187 nucleolar localized proteins. We identified homologues to the well described S. 188 cerevisiae nucleolar proteins and found a total of 192 proteins in M. oryzae 189 homologous to yeast nucleolar proteins (Supplementary File 5). We found 120 (63%) 190 of the nucleolar proteins in the pulldown and 60 of these (50%) had the alpha helix There was no enrichment for specific pathogenicity related proteins (Funcat category 204 32.05 disease, virulence and defence) ( Supplementary File 4) . This is generally true 205 within the whole Funcat category related to stress and defence (32 CELL RESCUE, 206 DEFENSE AND VIRULENCE) with the exception of proteins involved in the 207 unfolded protein response (32.01.07 unfolded protein response) (e.g. ER quality 208 control), which were overrepresented. This is notable since an involvement of CK2 in 209 protein import into the ER has be established (Wang and Johnsson, 2005 ). An 210 association of pathogenicity related proteins with CK2 was not expected because of 211 the in vitro growth conditions of the experiment. 212 Interestingly, five putative S/T phosphatases (MGG_03154, MGG_10195, 213 MGG_00149, MGG_03838, MGG_06099) were in the pulldown set of proteins 214 (Supplementary File 1). Conceivably these might de-phosphorylate CKa substrates as 215 well as substrates of other kinases to expand the reach of CK2 in regulating the 216 phosphoproteome. To examine the relationship between the expression of CK2 and 217 these phosphatases, we downloaded expression data from a range of experiments 218 with M. oryzae and plotted the expression of the five phosphatases found in the 219 pulldown and an S/T phosphatase not found in the pulldown as a function of the CKa 220 expression. We found that two of the S/T phosphatases present in the pulldown were 221 strongly correlated with CKa expression and the others were less strongly correlated 222 ( Figure 9 ).
224
CKa expression correlates with expression of genes associated with 225 disaggregation and autophagy 226 Since CK2 activity has the potential to favour protein-protein binding between 227 intrinsically disordered proteins it consequently also has the potential to enhance 228 protein aggregation. Some of these unfolded proteins may trigger the unfolded 229 protein response involved in disaggregation. Hsp104 is a disaggregase that cooperates 230 with Yjdg1 and SSa1 to refold and reactivate previously denatured and aggregated 231 proteins (Glover and Lindquist, 1998) . Alternatively, accumulated aggregates may 232 be degraded through autophagy since these kinds of aggregates are too big for 233 proteasome degradation (Wong and Cuervo, 2010 but not as dramatically ( Fig 10) . For M. oryzae, we find a log-log linear relationship 248 between the MoCKa expression and MoAtg8 expression ( Figure 10 ).
249
In the case of F. graminearum, we also found increased expression of all of the genes In contrast to S. cerevisiae (Padmanabha et al., 1990) (Padmanabha et al., 1990; Wang et al., 2011) , so it is rather 264 expected that we were not able to obtain a ΔMocka mutant.
265
The analysis of the MoCKb mutants and the localization of the GFP-labelled MoCK2 Ariazi et al., 2017; Kragler, 2013; Neijssen et al., 2005) , CK2 has a 284 potential to play a general role in this gating.
286
The crystal structure suggested that CK2 can form filaments and higher-order 287 interactions between CK2 holoenzyme tetramer units, and based on this it has been 288 predicted that autophosphorylation between the units could occur to down-regulate 289 activity (Litchfield, 2003; Poole et al., 2005) . Filament formation has been shown to 290 occur in vitro (Glover, 1986; Seetoh et al., 2016; Valero et al., 1995) and in vivo 291 (Hübner et al., 2014) . Several forms of higher order interactions have been predicted, 292 and it has been demonstrated that at least one of these has reduced kinase activity 293 (Poole et al., 2005; Valero et al., 1995) . However, in our localization experiments we 294 cannot distinguish if the large structure is due to co-localization of the CK2 with 295 another protein, such as the MoLah ortholog, or if CK2 is in an aggregated form near 296 septa. Since MoLah has the characteristics of an intrinsically disordered protein (Han   297   et al., 2014) , and CK2 interacts with some proteins to promote their disordered state, 298 we favour the view that CK2 interacts with MoLah and other proteins to form a 299 complex near septa.
300
Our pulldown experiment with GFP-CKa further showed that there was a strong 301 overrepresentation of proteins interacting with CKa that contain known 302 phosphorylation motifs for unfolding of alpha-helixes and this is what would be 303 expected for intrinsically disordered proteins (Uversky, 2015; Zetina, 2001) . The 304 finding of overrepresentation of this signal in the set of CK2 interacting proteins 305 corroborates the previous suggestion that CK2 is involved in the 306 destabilization/binding of intrinsically disordered proteins (Zetina, 2001) and is 307 consistent with the strong accumulation of both CK2 and intrinsically disordered 308 proteins in the nucleolus ( Fig. 4a and b ) (Frege and Uversky, 2015) and also at pores 309 between cell compartments (Lai et al., 2012) ( Figure 4d ). In addition, and further 310 supporting this conclusion, the six septal pore associated proteins (SPA) that we find 311 in the CKa pulldown are homologues for intrinsically disordered proteins that are 312 expected to form temporary gels that are used to reversibly plug septal pores and 313 regulate traffic through septa (Lai et al., 2012) . CK2 could actively be involved in the 314 gelling/un-gelling of the regions near septa to create a membraneless organelle 315 controlling the flow through septa. As a counterpart to CK2 in gelling/un-gelling, 316 disaggregase activity involving the MoHSP104 complex, may be critical for control 317 of this. The observation of transcriptional co-regulation between CKa and HSP104 318 supports this notion.
319
Previous studies of subcytosolic localization reveals that this enzyme is also 320 associated with import into organelles. CK2 promotes protein import into 321 endoplasmic reticulum (Wang & Johnsson, 2005) and into mitochondria during 322 mitochondrial biogenesis and maintenance (Rao et al., 2011) . CK2 phosphorylation 323 has been shown to activate Tom 22 precursors to assemble a functional mitochondrial 324 import machinery (Rao et al., 2011) . Although CK2 has been implicated to be located Since these proteins need to be imported into mitochondria in an unfolded state, this 331 may point to the existence of other CKa phosphorylation and unfolding motifs that 332 help keep these proteins unfolded until they reach their destination inside the 333 mitochondria.
334
To have such dynamic function as an unfolder of proteins by phosphorylation, CK2 335 should be partnered with phosphatases as counterparts and their activity may track 336 CK2 activity. Consistent with this possibility, we found that two of the five S/T 337 phosphatases that are present in the pulldown are strongly co-regulated with CKa 338 (Figure 9 ), further supporting the view that CKa-dependent 339 phosphorylation/dephosphorylation plays a major role in shaping protein interactions.
340
Together with the high expression of CK2 in cells, this suggests an important 341 function of CK2 as a general temporary unfolder of intrinsically disordered proteins 342 that comprise roughly 30 % of eukaryotic proteins (Vucetic et al., 2003) .
343
As MoCK2 is present in the cytoplasm and nucleoplasm it could generally assist 344 intrinsically disordered proteins forming larger protein complexes (Uversky, 2015) . It 345 also seems to be essential for assembling ribosomes containing large numbers of 346 intrinsically disordered proteins (Uversky, 2015) . All these functions also explains 347 why CK2 is needed constitutively (Meggio and Pinna, 2003) .
348
In the absence of well-functioning autophagy removing incorrectly formed larger 349 protein aggregates, like those formed in brain cells of Alzheimer's patients (Zare- proteins that are then subjected to autophagy. As autophagy is important to 357 appressorium development (Liu and Lin, 2008; Kershaw and Talbot, 2009 ), it will be 358 of interest to further examine the role of the CK2 ring structure during appressorial 359 development and infection. The large ring may be a true filament of CK2 in a 360 relatively inactive state that is a store for CK2 so that upon infection, it can facilitate 361 rapid ribosome biogenesis, appressorial pore function, and other pathogenesis-362 specific functions.
363
Conclusion 364 We conclude that CK2 most likely has an important role in the correct 365 assembly/disassembly of intrinsically disordered proteins as well as allowing these 366 proteins to pass through narrow pores between cell compartments in addition to its 367 already suggested role in organelle biogenesis (Rao et al., 2011) . Our results further 368 point to one of the main functions of the CK2 holoenzyme as a general facilitator of 369 protein-protein interactions important for a large range of cellular processes including 370 a potential role for gel formation that creates membraneless organelles at septa 371 through its likely interaction with, and modification of, intrinsically disordered 372 proteins. Most of our evidence for these functions of CK2 is, however, indirect, and 373 future experiments will be needed to directly demonstrate the suggested role for CK2 374 in relation to intrinsically disordered proteins, including the function of septa and 375 appressoria in fungi. TrpC promoter and hygromycin phosphotransferase (hph) gene, HPH resistance).
402
Then the fusion fragments were transformed into protoplasts of the background strain 403 Ku80. The positive transformant ΔMockb1 was picked from a selective agar medium 404 supplemented with 600 µg/ml of hygromycin B and verified by Southern blot.
405
For complementation of the mutant, fragments of the native promoter and gene 406 coding region were amplified using the primers 446comF and 446comR listed Table   407 2. This fragment was inserted into the pCB1532 to construct the complementation 408 vector using the XbaI and KpnI. Then this vector was transformed into the 409 protoplasts of the ΔMockb1 mutant. The positive complementation transformant 410 MoCKb1C was picked up from the selective agar medium supplemented with 411 50µg/ml chlorimuron ethyl.
412
As for the ΔMoCKb1 deletion mutant, we constructed a knockout vector to delete the 413 MoCKb2 from the background strain Ku80. All the primers are listed in the Table 2 . 
428
The construction of localization vectors 429 In order to detect the localization of MoCK2, we constructed localization vectors.
430
The vector pCB-3696OE containing the RP27 strong promoter was used to detect the against the background of proteins that were bound non-specifically to the anti-GFP 472 beads in GFP transformant and in WT to get the final gene list of genes that was 473 pulldown with CKa ( Supplementary File1 ).
474
Estimation of non-specific binding of proteins in the pulldown 475 We developed two methods to estimate the number of non-specific binding proteins 476 found in the CKa pulldown. The first approach is a chemistry-based reasoning and 477 assumes that the degree of unspecific association to the protein per protein surface 478 area is the same for GFP specific hits and for the CK2 holoenzyme pulled down. , KHC46950.1) . 
Magnaporthe oryzae conidia.
GFP-MoCKa localizes to nuclei (red arrows) and to septal pores (white arrows). White bar is 10 µm. Fig. 1a, f, g) . a, Localization of GFP-MoCKa in all three strains show localization to nuclei. b, In the background strain Ku80 that form appressoria from conidia a bright line of GFP-MoCKa can be seen across the appressorium penetration pores. c. Through 3d scanning and then rotating the 3d reconstruction image (Link to Movie 1) we found that the streak across the penetration pores is a ring of GFP-MoCKa perpendicular to the penetration pore opening not present in the deletion strains (Link to Movie 2 and 3). d, False colour lookup table 3d reconstruction image of the right ring structure in c enlarged and rotated back and seen from the same angle as in b with the penetration pore opening indicated by a red-white circle seen from the "plant" side (Link to Movie 4 and 5 for left and right ring in false colours). The false colour was used so that the week fluorescence in the cytoplasm could be used to show the whole cytoplasm volume. Magnaporthe oryzae appressoria. Image in the 3d stack (left appressorium in Fig. 3b,d ) that shows the septal pore accumulation. Image deliberately "overexposed" to be able to show nuclear and septal localization.
GFP-MoCKa localizes to nuclei (red arrow) surrounded by the large ring structure in crosssection (blue arrows) and to the septal pore towards the germtube (white arrow). White bar is 10 µm. Phosphatase MGG_01690T0 Figure 10 Plot of expression involved in protein quality control vs MoCKa expression in a range of transcriptomes from different experiments (Note: Log2 scale on axes and grids are represented with fixed "aspect ratio" to highlight the slope of the correlation). P value for the Null hypothesis that there is no correlation = 9.9E-10. Transcriptomic data was downloaded from public websites so as to be able to test the relationship under many different growth conditions in many experiments. Hsp104, SSa1 and Ymdj1 has in yeast been shown to cooperatively help aggregate proteins to be able to refold. The key protein with its main function in this process appear to be Hsp104 (Glover and Lindquist, 1998). Transcriptomic data was downloaded from public websites so as to be able to test the relationship under many different growth conditions in many experiments. Hsp104, SSa1 and Ymdj1 has in yeast been shown to cooperatively help aggregate proteins to be able to refold. The key protein with its main function in this process appear to be Hsp104 (Glover and Lindquist, 1998) . (Note: Log2 scale on axes and grids are represented with fixed "aspect ratio" to highlight the slope of the correlation). P value for the Null hypothesis that there is no correlation = 3.6E-08 . Transcriptomic data was downloaded from public websites so as to be able to test the relationship under many different growth conditions in many experiments. This study
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